F unctional involvement of the thalamus in cognitive processing was first reported by Hillemand
were considered for the present study. Exclusion criteria at admission consisted of age less than 18 months and the presence of severe neurological deficits, which prevented a reliable evaluation. The factors of race, educational level, and socioeconomic status were not assessed as variables because the group was almost homogeneous in those respects.
Preoperative Examination
All children underwent a comprehensive MR study before surgery, with contrast enhancement, T2-weighted, FLAIR, and diffusion tensor imaging (DTI) sequences, to evaluate the distribution of fiber tracts and their relationship with the tumor. Hydrocephalus was graded according to the Evans score (moderate hydrocephalus, Evans score 0.5-0.7; severe hydrocephalus, Evans score > 0.7).
The neurological and cognitive preoperative working protocol included the following: 1) global neurological examination, in which the severity of neurological conditions was scored with the Neurological Severity Score (NSS); 4 and 2) preoperative neuropsychological and behavioral assessments consisting of a battery of tests tailored to the patient's age, cognitive level, and level of cooperation. The patients were subdivided into 2 groups: ≤ 3 and > 3 years of age, based on the different sets of instruments, which are needed at a cutoff age of 3 for a comprehensive neuropsychological evaluation.
Children ≤ 3 Years of Age
The test battery for this group consisted of the following. 1) The Griffiths Mental Developmental Scale-Revised (GMDS-R) 13, 14, 18 to evaluate the global development quotient.
2) The First Language test to evaluate specific language skills. 11 3) The Selective Attention component from the Leiter International Performance Scale-Revised (Leiter-R), 22 to evaluate visual attention. 4) Preferred hand tasks were evaluated through the posting coins (Movement Assessment Battery for Children [M-ABC]) test. 5) The Achenbach Child Behavior Checklist ([CBCL]; 1-5 years)
1,2 to measure behavioral/affective regulation.
Children > 3 Years of Age
The test battery for this group consisted of the following. 1) The intellectual profile was evaluated using the Wechsler Preschool and Primary Scale of IntelligenceThird Edition (WPPSI-III), 25 the Wechsler Intelligence Scale for Children-Third Edition (WISC-III), 26 and the GMDS-R. 2) We used the Language Assessment Test for children ages 3 -6 years and the Boston Naming Test 28 and Peabody Picture Vocabulary Test 10 for children > 6 years to evaluate lexical naming and comprehension, respectively. Verbal fluency was used for semantic and phonological access. 28 3) The mean of the 3 subtests (Digit Span, Coding, and Arithmetic) of the Wechsler scale that were administered was calculated for the evaluation of global attention, whereas the Bell Cancellation Test 6 and the Selective Attention component from the Leiter-R were used to evaluate visual attention. 4) Memory functions were examined using the Test of Memory and Learning (TOMAL). 27 5) Visual perception and visual spatial functions were differently evaluated according to age: the Visual Perception Test (VPT) 15 without the motor component was used in children between the ages of 4 and 10 years. Visual Motor Integration (VMI) 5 was performed in children between 2.5 years and up to 18 years of age for the assessment of eye-hand coordination, and the ReyOsterrieth Complex Figure copy 26 was performed for visuospatial evaluation in all cases. In children > 7 years the executive function component of the Tower of London (TOL) test 21 was administered to assess organization and planning skills. 6) Behavioral and affective development were assessed with the Achenbach CBCL.
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Neuroimaging Protocol
Magnetic resonance imaging was performed in all cases with contrast enhancement and DTI sequences. According to tumor side, we divided the patients into 3 groups: left thalamic, right thalamic, and bilateral. Considering tumor extension, we also subdivided the tumors into lateral and mesial groups.
Statistical Analysis
Version 15 of the SPSS software (SPSS, Inc.) was used for all statistical analyses, setting the significance at p < 0.05.
The mean full-scale IQ (FSIQ) was considered in the normal range according to the Diagnostic Mental Index if the mean value was 100 and the SD was 15. In the comparative evaluation of Wechsler and Griffith scale criteria, we considered a difference of at least 12 points between verbal IQ (VIQ) and performance IQ (PIQ) to be significant. We used the Diagnostic Statistical Manual of Mental Disorders, Fourth Edition, Text Revision (DSM IV-TR) for the qualitative analysis.
All the test results were Z normalized (mean value = 0; SD = 1). The individual Z scores were then averaged to allow a comparison between different tests and different groups of patients and Z score values < 1.66 were considered pathological. The T score was used for evaluation of behavioral diseases; a T score > 60 points according to the Achenbach criteria 1,2 was considered abnormal. Nonparametric statistics were used to evaluate group differences with respect to the FSIQ (Mann-Whitney U-test or Kruskal-Wallis test), because of the wide age range within the sample.
Neuropsychological and behavioral assessments were processed as dichotomic variables. Dichotomic variables were defined as normal if they were in the range between -2 SD and +2 SD.
Significant impairment and improvement of total IQ (TIQ) was considered according to Wechsler criteria.
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Correlation Between Neuropsychological Findings and Tumor Features
Preoperative neuropsychological data were compared with tumor location, histological findings, hydrocephalus grading at diagnosis, and the presence of neurological deficits. Referring to tumor location, the parameters taken into consideration were mesial, lateral, and bilateral, with involvement of the right or left side.
Results
Clinical data are summarized in Table 1 . Twenty children were included in the present study (10 boys and 10 girls); these patients' mean age was 10.41 years. Eight patients had tumors located on the left side, 10 had tumors on the right side, and 2 had bilateral tumors. Lateral thalamic structures were involved in 10 cases, mesial were involved in 8, and lateral and mesial in 2.
Global Neurocognitive Functions
The FSIQ score was in the normal range in all patients (mean 90.1, SD 13.87), with a significant difference between VIQ (mean 97.70, SD 17.77) and PIQ (84.82, SD 17.01) (p < 0.002). There was a significant relation between global cognitive impairment, low-grade tumors (p < 0.001), and fine manipulation/neurovisual domain deficits (Tables 2 and 3) .
Language Evaluation
Six different domains were distinctly compromised: 1) fluent oral output; 2) lexical naming; 3) lexical comprehension; 4) repetition; 5) articulation; and 6) prosody. There was a significant relation between naming disorders and the presence of a mesial (p < 0.005) or bilateral (p < 0.001) thalamic tumor, without a significant difference between the involvement of the left or right side. Similarly, dysarthric symptoms, prosody, and fluent oral output disorders were significantly more frequent in patients with mesial locations (p < 0.005) and bilateral tumors (p < 0.001; 100%). Concerning tumor features, neurolinguistic disorders were significantly related to the histology of the tumor (p < 0.0002). No significant correlation was found between the severity of the hydrocephalus and electroencephalographic features. Verbal aspontaneity was found in 2 patients; both of them had lateral tumors with the histological findings of low-grade lesions. No other significant correlation was found.
Memory Function Assessment
Working memory impairment was significantly related to tumor location on the left side (p < 0.0001), involvement of mesial structures (p < 0.002), and low-grade histology (p < 0.001). Long-term verbal memory disorders were significantly related to mesial locations (p < 0.001).
A significant correlation was found between auditory attention deficits and left-sided tumors (p < 0.001) as well as mesial tumor locations (p < 0.01). Visual attention deficits were significantly related to low-grade histology (p < 0.001), whereas there was no relation with tumor side and/ or mesial/lateral tumor extension.
The evidence of constructional apraxia was correlated to the location of the tumor on the right side (p < 0.001), mesial locations (p < 0.002), and low-grade histology (p < 0.001). Visual constructional disorders were significantly related with low-grade histology.
Selective Auditory and Visual Attention
All patients (100%) affected by left-sided thalamic tumors presented with selective auditory disorders, which were particularly evident in selective word target recognition. Among these patients, auditory attention disorders were significantly more frequent in children with tumors involving mesial thalamic structures (p < 0.01). Children affected by bilateral thalamic tumors demonstrated severe visual and auditory attentional disorders. Twelve (60%) of 20 patients presented with executive processing deficits that were significantly more frequent in children with right-sided tumors.
Behavioral Assessment
Eleven of 20 children presented with mood alterations, evident as apathy and personality changes. Withdrawn traits and apathy were significantly related to highgrade histology (p < 0.001) and involvement of mesial structures (p < 0.002). In contrast, pathological hyperactivity was significantly more frequent in children affected by low-grade tumors (p < 0.02), left-sided (p < 0.001), and laterally located (p < 0.002) lesions.
Discussion
It is well known that multiple anatomically and functionally connected areas contribute to cognitive function; in this context the thalamus represents a major relay center, integrating different sensory and motor pathways originating from both distinct cortical regions and the cerebellum. 21 Therefore it is not surprising that even focal thalamic lesions might be associated with neurocognitive disturbances; however, to our knowledge the present study is the first one that has investigated the cognitive profile of children affected by thalamic tumors.
We documented that variable degrees of neuropsy- chological impairment might be present already at diagnosis in children affected by thalamic tumors, and that this impairment might be related to different clinical and anatomical features of the tumor itself ( Table 4 ). The first relevant finding was the significantly higher rate of global cognitive impairment in children affected by low-grade tumors. This result might be explained with the longer clinical history of these patients, which might have led to a more prolonged subclinical and extensive involvement of the thalamic neural pathways and white matter corticothalamic connections before the diagnosis.
Mesial thalamic lesions were more frequently associated with language dysfunction, which mainly involved the fields of articulation and fluency. Various nuclei located mesially, such as the anterior, anteroventral, dorsomedial, intralaminar, and pulvinar have been deemed to be responsible for a relationship between the thalamus and language production; 3 these structures are actually thought to be involved in articulatory language expression. There were 2 patients who presented with exceptions to this finding. The first was a right-handed 4.1-year-old girl affected by a right lateral thalamic low-grade astrocytoma; this patient presented at diagnosis with a reduction of oral production, apraxia, and sequence temporal processing that could be interpreted as a crossed aphasia. The second patient, a left-handed 15.1-year-old child, affected as well by a right lateral tumor, mainly presented with a hypokinesia of articulatory speech; although they were affected by lateral tumors in an opposite hemispheric dominance subset, these 2 patients confirm what is known about the role of the thalamus in language and the main finding of our series-that is, the close link of basal ganglia structures to processes regulating motor execution by the thalamus.
The assessment of memory function showed a significantly higher rate of impairment of working memory, long-term verbal memory, and auditory attention in children affected by mesially located tumors as well as tumors located on the left side; working memory and visual attention deficits were also significantly more frequent in children with low-grade tumors. In a recent study Smith et al. 30 evaluated the variation in the expression of an- terograde and retrograde amnesia in 11 patients with impaired memory function and bilateral mesial temporal lesions. The severity of anterograde amnesia was related to that of retrograde amnesia, although this last appeared later compared with the appearance of anterograde amnestic features, being measurable only when anterograde amnesia reached a substantial level of severity. The severity of overall global mnemonic disturbance was also related to the radiologically documented involvement of thalamic nuclei, in particular to the involvement of the anterior and mesial thalamic structures.
Our results seem to confirm these findings-children with mesial and bilateral thalamic tumors demonstrated a more severe compromise of memory functions; similarly to what was described by Smith et al. for degenerative diseases, children with low-grade tumors showed a higher grade of memory function compromise compared with those with high-grade neoplasms, suggesting that mnemonic neural networks tend to a gradual dysfunction in children with thalamic neoplastic lesions. The importance of major fiber tracts that connect the thalamus to medial temporal lobe structures for the correct development of memory function seems to be confirmed by DTI MR studies. In a tractography study, Cipolotti et al. 7 suggested that recognition memory is related to 2 distinct processes supported by separated thalamic and cortical structures of the temporal and frontal lobe; the same authors, however, concluded that their findings could only partially explain the role of the thalamus in other subsets of memory function.
The impairment in auditory attention and working memory in children with tumors located on the left side was coincident in our series with the presence of an impairment in the development of phonological word forms, a picture similar to the dynamic aphasia induced by frontal lesions. Based on previous studies suggesting the role of the thalamus in the attention mechanisms related to speech, 29 it is possible that intralaminar/reticular nuclei functional involvement could have participated, in these children, in the simultaneous development of sensory memory function and phonological disturbances by selectively disinhibiting thalamocortical frontal circuits used for speech production, with the consequent failure to activate lexical semantic representation spontaneously.
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The more frequent compromise of language and memory function in children with mesial thalamic tumors might also be partially explained by the distribution of thalamic pathways connecting cerebellar nuclei with the frontal cortex; a main relay is located on the mesial part of the basal ganglia. 8, 19, 31 The main behavioral defects that were documented in our series were represented by depressed traits, perseveration, hyperactivity, and withdrawal traits. Hyperactivity disorders have been reported in patients with lesions of the pulvinar and ventral lateral thalamic nuclei; 17, 25 it is thought that they might result from a lesion of the neural pathways connecting the pulvinar with the frontal and parietal cortices, which are involved in the processes of stimulus seeking and in the distinction between contextually relevant and irrelevant somatosensory stimuli. Within this overall thalamocortical network, the pulvinar has been recognized to play a role in the integration and coordination of the responses to auditory and visual stimuli. The pulvinar is also connected with limbic structures, including the amygdala, which in its basolateral part supports emotional regulation, fear conditioning, and the attribution of affective valence to sensory stimuli. Therefore, lesions of the thalamolimbic network could interfere with emotional learning and the regulation of affect, contributing to the emotional dysregulation that we found in our series of children with thalamic tumors. Personality changes included apathy, lack of insight, and lack of spontaneity. Similar behavioral manifestations have been previously reported in patients with thalamic lesions 18 and have been thought to be related to an interruption of the neural pathways that connect the thalamus with the frontal cortex. When considered overall, these behaviors fall within the domain of the cognitive affective syndrome, and therefore a more than negligible role might also be played by a compromise of the cerebellarthalamo-cortical pathways connecting the thalamus with the cerebellum and the parietal lobe.
However, it should be emphasized that for cognitive functions, a precise localization of the neural pathways involved in the development of behavioral disturbances in children with thalamic tumors might be hampered by the frequent wide extent of the tumor, its mass effect, and the associated edema. A direct thalamic involvement but also a functional depression of regional neuronal metabolism and cerebral blood flow in anatomically connected cortical regions might contribute.
Conclusions
Our data support the hypothesis that variable degrees of neuropsychological impairment might be subclinically present already at diagnosis in children affected by thalamic tumors, and that this impairment involves selective functions in relation to different clinical and anatomical features of the tumor itself. Both global cognitive impairment and selective neurocognitive traits were more frequent in children with low-grade neoplasms, and this was particularly evident when language and memory function were evaluated; these last were more common when mesial thalamic nuclei were involved, whereas behavioral defects (namely depressed traits, perseveration, hyperactivity, and withdrawal traits) were more common when ventrolateral thalamic nuclei were involved.
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